Abstract-This paper deals with stator-flux-oriented control of permanent-magnet (PM) synchronous motors and synchronous reluctance motors (SyRMs). The variables to be controlled are the stator-flux magnitude and the torque-producing current component, whose references are easy to calculate. However, the dynamics of these variables are nonlinear and coupled, potentially compromising the control performance. We propose an exact input-output feedback linearization structure and a systematic design procedure for the stator-flux-oriented control method in order to improve the control performance. The proposed controller is evaluated by means of experiments using a 6.7-kW SyRM drive and a 2.2-kW interior PM synchronous motor drive.
I. INTRODUCTION

S
YNCHRONOUS reluctance motors (SyRMs) with or without permanent magnets (PMs) provide the high torque density and good flux-weakening capability. Under optimal control, these motors operate along the maximum-torque-perampere (MTPA) locus, in the field-weakening region, or at the maximum-torque-per-volt (MTPV) limit, depending on the operating speed and the torque reference [1] .
Mainly, torque control methods are based on controlling the current components i d and i q in rotor coordinates [2] - [6] . A linear current controller, equipped with pulsewidth modulation (PWM) and synchronous sampling of the currents, is typically used [7] - [11] . If the magnetic saturation and the speed changes are omitted, the dynamics seen by the current controller are linear and the closed-loop system can be made comparatively robust M. Hinkkanen is with the Department of Electrical Engineering and Automation, Aalto University, Espoo FI-00076, Finland (e-mail: marko.hinkkanen @aalto.fi).
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Digital Object Identifier 10.1109/TIA.2019.2927316 [8]. The optimal current references can be fetched from precomputed look-up tables [2] - [6] . In addition to one-dimensional (1-D) MTPA and MTPV tables, at least one 2-D look-up table is typically needed. Direct torque control (DTC) is an alternative to current vector control [12] - [15] . The stator-flux magnitude and the electromagnetic torque are controlled by means of hysteresis controllers. DTC does not use PWM, and the switching frequency is not constant. Furthermore, since there is no current control loop, the current limitation relies on torque reference limitation, which is, in turn, parameter dependent.
In stator-flux-oriented control [16] , [17] and in its variant called direct-flux vector control [18] , [19] , the stator-flux magnitude ψ and the torque-producing current i τ are selected as the controlled variables, cf., Fig. 1 . This choice simplifies calculation of the references. Only the MTPA and MTPV features have to be implemented, but no 2-D look-up tables are needed. Conventionally, two separately tuned proportional-integral (PI) controllers are used for controlling the stator-flux magnitude and the torque-producing current component [16] - [19] . Instead of the torque-producing current component, it is also possible to control the electromagnetic torque directly [20] , [21] . Unlike DTC, stator-flux-oriented control employs PWM. Furthermore, the currents are sampled in synchronism with PWM. Therefore, the switching harmonics in the currents (and in the torque) are similar to those in the current-controlled drives.
A drawback of the stator-flux-oriented schemes is that the torque-producing current control loop is nonlinear (even in the case of linear magnetics), which complicates the tuning procedure. The control performance for constant gains depends on the operating point due to the nonlinear dynamics. To avoid an oscillatory response, the control design can be performed for the best case in a suboptimal manner [18] .
In this paper, we develop a feedback-linearization stator-fluxoriented control method and its systematic design procedure. The reference calculation methods are left out of the scope, but the proposed control method is directly compatible with the available methods [6] , [18] , [19] . After introducing the motor model in Section II, the control structure and the main contributions are presented in Section III.
1) An exact input-output feedback linearization controller structure is derived, yielding a completely decoupled and easy-to-tune system. 2) Design guidelines and tuning principles are presented.
3) An antiwindup mechanism is developed, taking into account the nonlinear structure of the controller. In Section IV, the dynamic performance of the proposed control method is studied by means of experiments, using a motion-sensored 6.7-kW SyRM drive and a motion-sensorless 2.2-kW interior PM synchronous motor drive. In Section V, the parameter sensitivity of the proposed method is studied, and a discussion of its advantages and disadvantages is provided. Finally, Section VI concludes the paper. A preliminary version of this paper was presented in a conference given in [22] .
II. MOTOR MODEL
A. Rotor Coordinates
A standard model for PM synchronous motors is used, expressed using real space vectors. As an example, the stator-flux linkage in rotor coordinates is denoted by
T , where ψ d and ψ q are the direct and quadrature components, respectively. The stator voltage equation is
where u is the stator voltage, i is the stator current, R is the stator resistance, ω m is the electrical angular speed of the rotor, and
The inductance matrix and the PM-flux vector, respectively, are
where L d is the d-axis inductance, L q is the q-axis inductance, and ψ f is the flux linkage induced due to the PMs. If L d = L q , the model represents a surface-mounted PM motor. If ψ f = 0, the model of an SyRM is obtained. The electromagnetic torque can be written as
where p is the number of pole pairs. Fig. 1 shows stator-flux coordinates (ψτ ), whose ψ-axis is parallel to the stator-flux vector. The vectors in these coordinates are marked with the superscript f, e.g.,
B. Stator-Flux Coordinates
where δ is the angle of the stator-flux vector in rotor coordinates. 1 Other vectors are transformed to stator-flux coordinates similarly. In these coordinates, the torque expression (4) reduces to
As explained later, reference calculation becomes simple, if the stator-flux magnitude ψ and the torque-producing current i τ are used as the controlled state variables. These variables are packed into a state vector
Using (1), (2), and (5), a nonlinear model with the desired state variables is obtained [18] 
where the factors are
It is to be noted that the condition b = 0 corresponds to the MTPV limit [16] .
III. CONTROL DESIGN
A. Structure of the Control System
Fig. 2(a) shows the overall structure of the control system considered in this paper. The measured current is transformed to rotor coordinates using the electrical angle ϑ m of the rotor. The voltage reference u ref is transformed to stator coordinates, marked with the superscript s, and fed to PWM. The main focus of this paper is on the stator-flux-oriented controller, which controls the state variables defined in (7) . This choice of the state variables is advantageous since the optimal reference
T is comparatively easy to calculate from the torque reference T ref , the measured speed ω m , and the measured dc-bus voltage u dc .
The proposed stator-flux-oriented controller is directly compatible with the existing reference calculation methods, such as given in [6] , [18] , and [19] . Fig. 2(b) shows the feedforward reference calculation method [6] , which is applied in the experiments of this paper. For the sake of completeness, this method is briefly described in the following. Due to the feedforward nature 1 For brevity, the coordinate transformations are expressed using the matrix exponential. The transformation can be written as exp(δJ) = [ of the reference calculation method in Fig. 2 (b), the dynamics of the inner control loop remain intact and the noise content in the state references is minor. The MTPA and MTPV tables can be computed automatically, if the magnetic model of the motor is known [6] . The reference calculation method in Fig. 2 (b) can be used in current-controlled drives as well [3] , [6] . However, one or two additional 2-D look-up tables (depending on the implementation) are needed for transforming x It is worth noticing that the MTPV limit and the zero-flux condition are singularities in stator-flux-oriented control. Therefore, a small margin (e.g., 5%...10%) in the MTPV limit and a small minimum value for ψ ref are needed in the implementation. In the case of current-controlled drives, these singularities do not exist. Fig. 3(a) shows a conventional stator-flux-oriented controller similar to that in [18] and [19] . Its two key elements, a flux observer and a PI controller, are briefly reviewed in the following. An ideal PWM inverter is assumed, u = u ref .
B. Conventional Stator-Flux-Oriented Controller
1) Flux Observer:
The stator-flux-oriented controller needs an estimate of the stator flux ψ. The flux can be estimated directly using the flux model (2) without any observer. Then, the state vector x f is obtained using (5) and (7). An advantage of this approach is that the order of the whole control system is not increased due to the flux estimation and no additional gains are needed.
Applying a flux observer is preferred in practice since it reduces the sensitivity to the errors in the magnetic model (2) and to the measurement noise. If the drive is equipped with a position sensor, the flux linkage can be estimated using a simple state observer in rotor coordinates where G is the observer gain matrix. Based on (1), (2) , and (10), the dynamics of the estimation errorψ = ψ −ψ are governed by
Therefore, any desired closed-loop system matrix can be easily set via the observer gain G. If a constant gain matrix G = gI is used, the observer behaves as the voltage model at higher speeds and as the flux model at low speeds [23] . The parameter g defines the corner frequency (typically g = 2π · 15 . . . 30 rad/s). The flux observer (10) is presented here as an example, but other flux observers could be used instead. For enabling sensorless operation, observers reviewed in [24] can be applied. According to Fig. 3 , the estimated state vectorx f is controlled. This vector is defined aŝ
where the stator flux angle δ is calculated using the estimated flux componentsψ d andψ q . If needed, the torque estimatê
can be easily calculated.
2) PI Controller:
As shown in Fig. 3(a) , the voltage reference in rotor coordinates is
The output of the PI controller is
where s = d/dt is used as the differential operator. The gain matrices are
where k pψ and k iψ are the gains for the flux channel and k pτ and k iτ are the gains for the torque channel. The effect of the compensation for the resistive voltage drop in (14) is small and it can be omitted due to the integral action in (15) . Typically, constant gains are used in (16) . As mentioned, the motor model in (8) is nonlinear and the dynamics of i τ depend strongly on b [18] . Therefore, the control response for constant gains depends on the operating point. Fig. 3(b) shows the proposed stator-flux-oriented controller, which is explained in the following. The same flux observer as in the conventional method can be used.
C. Proposed Stator-Flux-Oriented Controller
1) Nonlinear State Feedback:
We apply exact input-output feedback linearization [25] to tackle the nonlinearity in the model (8) . Inserting the control law
into (8) leads to a simple linear system
where v f is the transformed input vector, obtained from an external linear controller to be designed in the following. The control law (17) can be transformed to rotor coordinates, leading to
where
This nonlinear transformation matrix includes both the coordinate transformation (from stator-flux coordinates to rotor coordinates) and the feedback linearization.
2) Linear Controller:
The relation (18) between the transformed input and the output can be rewritten as
Any linear controller can be easily designed for the system (21).
As an example, a simple proportional controller would suffice, if steady-state errors were acceptable. Here, a state-feedback controller with reference feedforward and integral action is used
where K t is the reference-feedforward gain, K i is the integral gain, and K is the state-feedback gain. The gains can be selected as K t = αI, K i = α 2 I, and K = 2αI, leading to the first-order closed-loop response
where α is the bandwidth. If desired, the controller could be easily modified such that the flux and torque channels have different bandwidths. It is worth noticing that the effects of the parameter errors in the nonlinear transformation (20) on the steady-state accuracy are compensated for by the integral action of the linear controller (22) . As can be seen from Fig. 3(b) , the structure of the proposed controller is similar to the conventional controller. The computational burden of the proposed controller is comparable to the conventional controller. Unlike in the case of the conventional controller, the control response is independent of the operating point. Furthermore, the proposed controller is easier to tune since only the desired closed-loop bandwidth is needed (in addition to the motor parameters, which are needed in any case for the observer). The proposed controller is also more robust against parameter errors than the conventional controller, as discussed later in Section V.
3) Antiwindup Scheme: So far, we have assumed an ideal inverter, u = u ref . Since the inverter output voltage is limited in reality, the control system requires an antiwindup technique in order to prevent integrator windup. Fig. 4 illustrates the maximum available voltage, which corresponds to the border of the voltage hexagon. In the first sector, the maximum voltage magnitude is [26] 
where 
The realizable voltage can be either calculated in the controller using (24) and (25) or obtained from PWM. Fig. 5 shows the stator-flux-oriented controller equipped with an antiwindup technique, which is based on the realizable reference [27] . It is important to notice that the effect of the nonlinear transformation in (20) has to be properly included in the antiwindup scheme, as shown in the figure.
IV. EXPERIMENTAL RESULTS
The proposed stator-flux-oriented controller, as shown in Figs. 2 and 5 , is evaluated by means of experiments, using a 6.7-kW four-pole SyRM and a 2.2-kW six-pole interior PM synchronous motor (cf., the Appendix). The controller was discretized using the forward Euler method and implemented on a dSPACE processor board. Single update PWM is used, and the sampling (switching) frequency is 5 kHz. The stator currents and the dc-link voltage are measured in synchronism with PWM. The desired closed-loop bandwidth is α = 2π · 100 rad/s. Unless otherwise noted, the flux observer (10) is used.
The conventional stator-flux-oriented controller is used as a benchmark method. It is obtained from the controller in Fig. 5 , when T = exp(δJ) and K t = K = K p are chosen. For the 6.7-kW SyRM, the gains in (16) are k pψ = 628 rad/s, k iψ = 21 (rad/s) 2 , k pτ = 628 V/A, and k iτ = 21 V/(As). According to [18] , these gains correspond to the best-case design bandwidth of 2π · 100 rad/s.
A. Torque Reference Steps at Zero Speed
The 6.7-kW SyRM drive is controlled in the torque-control mode and the speed is maintained at zero by locking the rotor. The torque reference is stepped from zero to the rated torque with increments of 25% of the rated torque. Fig. 6(a) shows the results for the conventional controller. As expected due to the nonlinear dynamics (8) , the control response depends on the operating point and overshoots appear in the controlled variables. The control performance could be improved by means of scheduling the controller gains as a function of the operating point. However, the gain scheduling would be a difficult and time-consuming process, if performed by means of the trial-and-error method. Fig. 6(b) shows the results for the proposed controller. It can be seen that the control response is independent of the operating point and there is no overshoot in the controlled variables. Fig. 7 shows the zoomed-in waveforms from the first torque step in Fig. 6 . The control response is poorly damped in the case of the conventional controller. On the other hand, the response of the proposed controller matches well with the desired first-order response, cf., (23) , the minor differences originating from the magnetic saturation characteristics of the SyRM.
B. Acceleration Test
The control scheme shown in Fig. 2 is augmented with the speed controller, which provides the torque reference T ref based on the speed reference ω m,ref and the measured speed ω m . Fig. 8 shows the results of the acceleration test, where the speed reference is changed stepwise from 0 to 2 p.u. at t = 0.5 s. The current limit is 1.5 p.u. In the case of the conventional controller, significant overshoots appear in the controlled variables at t = 0.5 s. In the case of the proposed controller, the controlled variables follow their references with no overshoot. 3 Fig . 9 shows the measured phase current samples from the acceleration test in Fig. 8 , with a zoomed-in time scale. The PWM harmonics are not present in the synchronously 3 In Fig. 8 , the torque-producing current component i τ increases in the beginning of the field-weakening operation, whereas the flux magnitude decreases. The current i τ is bounded by the current limit and by the MTPV limit according to Fig. 2(b) . The decrease in the flux-producing current i ψ enables the increase in i τ , until the MTPV limit is reached. sampled currents. The remaining harmonics originate mainly from spatially nonuniform saturation (of the SyRM stator) and from operation at the boundary of the overmodulation region. Overall, the harmonic distortion of the currents is similar to the current-controlled drives, cf., e.g., the results in [10] .
To test the performance of the proposed controller in sensorless operation, the observer (10) is replaced with a sensorless flux observer and the speed estimate is fed to the speed controller [24] . The studied motor is the 2.2-kW interior PM synchronous motor. As an example, the results of the acceleration test are shown in Fig. 10 . It can be seen that the estimated speed follows the measured one and the estimated states follow their references.
V. DISCUSSION
Only experimental results were shown in the previous section. Here, robustness aspects are studied by means of simulations, and the advantages and disadvantages of stator-flux-oriented control are summarized. 
A. Robustness Comparison
The robustness of the conventional and proposed stator-fluxoriented controllers against parameter errors is compared by means of simulations. The flux observer (10) is used. The parameter estimates of the 2.2-kW interior PM motor, given in the Appendix, are used in the control system, and the errors are introduced in the plant model. For the conventional controller, the 
gains are k pψ = 628 rad/s, k iψ = 21 (rad/s) 2 , k pτ = 628 V/A, and k iτ = 21 V/(As), corresponding to the best-case design bandwidth of 2π · 100 rad/s.
The motor operates at the constant speed of ω m = 0.75 p.u., and the torque reference is stepped from zero to the rated torque with the increments of 25% of the rated torque. Fig. 11(a) and (b) shows the results for the conventional controller and Fig. 11(c) and (d) for the proposed controller. The actual motor parameters are L q = 0.5L q and ψ f = 2ψ f in Fig. 11(a) and (c) and L q = 2L q and ψ f = 0.5ψ f in Fig. 11(b) and (d) . It can be seen that there are overshoots in the controlled variables in the case of the conventional controller. Furthermore, the control system becomes unstable in the high-torque region in Fig. 11(b) .
In the case of the proposed controller, only minor overshoots in the controlled variables can be seen.
The effects of the errors in L d were also studied, but are not shown here for brevity. The proposed controller is less sensitive to the errors in L d as well. To conclude, the proposed statorflux-oriented controller is more robust against parameter errors than the conventional controller.
B. Summary of Key Features
As discussed in Sections I and III, much simpler reference calculation methods can be used for stator-flux-oriented control than for rotor-oriented current control. Typically, a currentcontrolled drive system requires at least one 2-D look-up table (in addition to the MTPA and MTPV look-up tables), which is computed offline using a complicated special algorithm [4] , [6] . Furthermore, 2-D look-up tables require more memory in the embedded processor and interpolation algorithms increase the computational burden.
As mentioned in Section III, the MTPV limit and the zero-flux condition are singularities in stator-flux-oriented control. These singularities can be easily avoided with negligible losses in the energy efficiency and in the maximum torque capability. In the case of current-controlled drives, these singularities do not exist. Furthermore, the current limitation is easier to implement in the current-controlled drives.
The robustness of a current-controlled drive and of a statorflux-orientation-controlled drive against parameter errors is similar, if their closed-loop poles are placed similarly and if the sampling frequencies are high enough. If a very low ratio of the sampling frequency to the maximum speed is required, the robustness of current control can be further improved by means of the direct discrete-time control design [8] , [22] , while this design option is not yet available for stator-flux-oriented control.
For controlling highly saturated machines (such as SyRMs), the magnetic saturation model can be incorporated into the stator-flux-oriented controller, as was done in the experimental systems of this paper. Compared to the standard current controller with the same magnetic model, the proposed statorflux-oriented controller works better in transients since the flux magnitude is used as another controlled state variable. Even better robustness against the magnetic saturation can be achieved by applying the flux-linkage-based current controller, where the d-and q-axis flux components are controlled [10] . However, this method shares the drawback of the standard current control, i.e., a more complicated reference calculation method is needed. To summarize, the simplicity and robustness of stator-flux-oriented control is tempting for the vast majority of the applications, while more complicated methods may bring benefits in some special applications.
VI. CONCLUSION
We have presented a systematic design procedure for a decoupled stator-flux-oriented control method for synchronous motors. The stator-flux-oriented controller makes it possible to use a comparatively simple reference calculation scheme. However, its torque-producing current control loop is nonlinear, which makes designing the controller difficult. An exact input-output feedback linearization scheme is developed and combined with a simple linear control law. Only one design parameter, the closed-loop bandwidth, is needed. Furthermore, to prevent integrator windup, the controller is equipped with an antiwindup scheme based on the realizable reference, taking into account the nonlinear structure of the controller. As compared to the conventional controller, the proposed controller provides better dynamic performance, is more robust against parameter errors, and is easier to tune. The performance of the proposed controller has been verified using experiments, both in the motion-sensored and motion-sensorless operation.
APPENDIX DATA OF THE MOTOR DRIVES
The data of the 6.7-kW four-pole SyRM at the rated operating point are given in Table I and the saturation characteristics are shown in Fig. 12 . The effects of the magnetic saturation are taken into account in the control system by replacing the flux model in (2) with an algebraic magnetic model [28] .
The data of the 2.2-kW six-pole interior PM synchronous motor are given in Table II . The magnetic saturation of this PM motor is minor, even at very high current values. Therefore, the constant inductances given in Table II are used in the control system. Both motors are fed by a 400-V 31-A inverter.
